Here we explore the effects of recombination in a ability to hydroxylate a substrate toward which neither larger and more complex enzyme, the cytochrome P450. parent heme domain shows detectable activity. These Seventeen double-crossover chimeras were made by results suggest that SCHEMA-guided recombination swapping fragments between the heme domains of the can be used to generate diverse P450s for exploring soluble bacterial enzyme CYP102A1 (commonly referred function evolution within the P450 structural framework.
ods. (Our previous attempts to shuffle these genes generated primarily the parental sequences, with few chimeras.) These soluble fusion proteins, consisting of a catalytic heme domain and an FAD-and FMN-containing NADPH reductase [19] , require dioxygen and a cofactor (NADPH) for monooxygenase activity. However, the P450 heme domain can also utilize hydrogen peroxide via the "peroxide shunt" pathway to catalyze hydroxylation reactions. While this peroxygenase activity is low in CYP102A1, it is enhanced by the amino acid substitution F87A [20, 21] ; the equivalent F88A mutation in CYP102A2 has a similar effect. The P450 chimeras were constructed from the genes for the heme domains of CYP102A1 with the F87A mutation and CYP102A2 with the F88A mutation (referred to herein as CYP102A1-h and CYP102A2-h). With these mutations, we can use the peroxygenase activity of the heme domain to explore substrate specificities in the chimeras, without having to supply cofactor or a reductase (which may or may not interact properly with a chimeric heme domain). The chimeric heme domains can also be fused to one of the the chimeras, we generated both "mirror" sequences, i.e., chimeras that derive sequences from opposite parents at every position. The other 11 sequences conin the chimeras: a reduced CO difference spectrum prosisted of CYP102A1-h with an internal fragment derived ducing a Soret band near 450 nm is indicative of heme from CYP102A2-h. incorporation and thus a correctly folded P450 heme E values for the different chimeras were computed domain [31] . A Soret band near 420 nm is indicative of using the high-resolution structure for CYP102A1 with a folded protein that binds heme but is catalytically palmitoglycine bound in the active site [22] ation yields the hemiacetal, which decomposes to form only on 2-phenoxy-ethanol; neither showed measurable peroxygenase activity toward allyloxy-benzene. phenol. At the maximum soluble concentrations of substrate, the parent CYP102 heme domains were active Figure 3 compares the activities of the folded chimeric heme domains to those of the parent enzymes. Unfolded chimeras showed no activity toward any substrate, while all but two of the folded ones retained peroxygenase activity on at least one substrate. The P420 chimera (277-365) was inactive toward all substrates tested. Several chimeric heme domains were more active than the best parent, CYP102A1-h, on one or more substrates. Chimera 169-197 was the most active toward 12-pNCA, 46-73 had the highest activity on 2-phenoxy-ethanol, and 43-135 and 165-256 were the most active on allyloxy-benzene. The chimeras also showed different specificities, falling roughly into three groups: (1) chimeras with little or no detectable activity toward any substrate; (2) parent-like chimeras, active on 12-pNCA and 2-phenoxy-ethanol; and (3) chimeras with altered substrate specificities relative to the parents, due to loss of activity toward 12-pNCA and/or acquisition of activity on allyloxy-benzene. For the three chimeras with this "novel" activity, one (165-256) had broadened specificity and was active on all three substrates. The remaining two (191-335 and 43-135) showed detectable activity on 2-phenoxy-ethanol and allyloxy-benzene, but not 12- slower. It has been proposed that the earliest P450 functention of catalytic activity: the two chimeras that lacked peroxygenase activity were also the least thermostable. tion may have been as a peroxidase [2] . To investigate how recombination affects P450 peroxidase activity, we used the colorimetric substrate 2,2Ј-azino-bis(3-ethylFolding and Monooxygenase Activities benzothiazoline-6-sulfonate) (ABTS) to monitor this reof Chimera-Reductase Fusion Proteins action [38] . CYP102A1-h and CYP102A2-h both show
We fused five of the functional chimeras (43-135, 46-73, low, but detectable, peroxidase activity (Table 1) in the presence of dioxygen and NADPH. All five CRFPs displayed a Soret band characteristic of a folded heme domain, and four of the five exhibited detectable activity Thermostabilities of Chimeric Heme Domains Thermostability was assayed by monitoring the loss of on one or more substrates (Table 2) . Monooxygenase activities of the fusion proteins were comparable to the the Soret band at increasing temperatures. Chimera melting temperatures ranged from 36ЊC to 55ЊC (Table  peroxygenase activities of the respective heme domains for 12-pNCA and 2-phenoxy-ethanol. The fusion protein 1), with none more stable than CYP102A1-h (T m ϭ 55ЊC). More than half of the folded chimeric heme domains monooxygenases were roughly an order of magnitude more active toward allyloxy-benzene than were the were more thermostable than CYP102A2-h (T m ϭ 44ЊC); the rest were less stable. We found that chimeras less heme domain peroxygenases.
Overall, recombination appears to affect the function thermostable than the parents exhibited a wide range of E values, 12 to 27, and that stability does not correlate of the heme domains and the reconstituted holoenzymes in similar ways. For example, the specificities of with calculated disruption, at least in this small population. However, thermostability may be important for reheme domain chimeras 118-194 and 169-197 are similar the parents (Figure 3 ). Recombination yielded enzymes A chimeric heme domain can also be reconstituted into a holoenzyme by addition of a CYP102 reductase domain. to CYP102A1-h and CYP102A2-h (see Figure 3) ; their Four of the five such CRFPs that were constructed in fact holoenzyme counterparts (118-194-CRFP and 169-197-functioned as monooxygenases (Table 2) . Furthermore, CRFP) are also similar to the full-length parent with the two active CRFPs whose heme domains showed which they retain the most sequence similarity, altered substrate specificity relative to the parent heme CYP102A1 (Table 2) . Furthermore, the chimeric heme domains were also different from the parent holoendomains 46-73 and 43-135, which showed altered perzymes. The activity and specificity of a chimeric heme oxygenase activity profiles relative to the parents, also domain can be expected to change, however, when it exhibited different oxygenase specificity (no activity tois used in a CRFP as a monooxygenase, just as the ward 12-pNCA) when assembled as the holoenzyme. parent enzymes differ in their peroxygenase and mono-165-256-CRFP, on the other hand, exhibited no detectoxygenase activities. Such differences were also reable oxygenase activity on any of the test substrates, ported in our previous study of CYP102A1 peroxyunlike 165-256, which as a peroxygenase hydroxylated genase regioselectivity [21] . all three.
One of the functional heme domain chimeras (165-The lower activity of CYP102A2 (having the F88A sub-256) generated an inactive CRFP. Upon recombination, stitution) relative to CYP102A1 (with F87A) is more apthe region of sequence that is derived from parent parent as a monooxygenase than as a heme domain CYP102A2 introduces a glutamic acid residue in place peroxygenase. CYP102A1 was active on all three subof a lysine at position 241, located at the interface bestrates tested, whereas the activity of CYP102A2 was tween the heme and reductase domains. We believe this measurable only on 12-pNCA, where it was 50 times impairs electron transfer by disrupting an electrostatic less active than CYP102A1. If CYP102A2 has a substrate interaction between the reductase and heme domains specificity similar to its A1 homolog, then the activities of CYP102A1 [47] . None of the other CRFPs had this on allyloxy-benzene and 2-phenoxyethanol would be mutation. Because a chimeric heme domain may not in below the detection limit of the assay. Although general fact be compatible with a specific parental reductase, features were similar, the CRFPs differed from their reit is preferable to assay for the presence of function spective heme domain chimeras in the details of the directly in the heme domain chimeras in order to assess activities and specificities. the effects of recombination. Our finding that recombination is effective in creating Discussion P450 chimeras with altered substrate specificities and novel activities is consistent with those reported for reActivities and Specificities of Recombined P450s combination of homologs in other enzyme families [41-While a chimeric protein often equals the sum of its 45] and with mammalian P450s [46, 48] . In most of these parts [39] , it is also possible for a chimera to exceed its studies, closely related proteins exhibiting distinct subparents and find amino acid combinations that allow strate specificities or activities were recombined. For new properties to emerge [40] [41] [42] [43] [44] [45] [46] . Creating these beneexample, Raillard and coworkers shuffled two triazine ficial amino acid combinations from different parental hydrolases, AtzA and TriA, which catalyze dechlorinasequences that are "prescreened" by nature is one goal tion and deamination reactions, respectively, to obtain of protein engineering by recombination [41] . We find chimeras with enhanced activities and novel substrate that recombination is an effective way to alter the funcspecificities [43] . Our results demonstrate that recombition of bacterial cytochrome P450s-more than half the nation of functionally similar enzymes can also yield folded P450 chimeric heme domains surpassed the parfunctionally diverse chimeras. In a previous study in ents in peroxidase or peroxygenase activity. In addition, which functionally similar cephalosporinases were shuffled [41] , the high levels of point mutation made it imposnearly half had altered substrate specificities relative to sible to deconvolute the effects of recombination and ever, it is unclear to what extent, if at all, sequence point mutation. Here we show that residues that appear changes at these sites contribute to altered functional to be functionally neutral in the parent proteins are able properties, since no single change or combination of to confer altered properties when recombined, provided them is responsible for a particular activity. This sugthe novel sequence folds properly. Although they may gests that mutations outside the active site effectively well be useful, additional point mutations were not remodulate substrate specificities and activities, as has quired to achieve functional diversity. been observed in previous random mutagenesis studies [52] [53] [54] . The "novel" activity on allyloxy-benzene and altered substrate specificity profiles cannot be attribStructural Features of Chimeric Heme Domains uted to any specific residue alterations, since chimeras The chimeric heme domains that retain the ability to fold exhibiting similar changes in activity arose by swapping and/or function did not result from swapping recognizdistinct polypeptides in different places in the enzyme able structural domains or distinct secondary structural (Figure 3) . Clearly, there are multiple ways to evolve elements. Instead, as illustrated in Figure 4A , the functionally similar enzymes through recombination of swapped fragments encompass nontrivial structural elhomologous proteins at structurally related residues. ements that would be difficult to identify without using We nonetheless point out one structural anecdote. an algorithm like SCHEMA, which takes into account The P450 heme domain chimeras with the highest peroxsequence identity when calculating disruption. Using idase and peroxygenase rates (169-197) and broadest structural compactness alone to identify modules (for substrate specificity (165-256) have both swapped a example, using the centripetal definition of Go [ properly incorporate a heme cofactor, particularly with chimeric sequences characterized by low calculated disruption (typically E Յ 30) ( Table 1) . We found very using SCHEMA to guide the choice of crossover points, similar results in a recent study of more than 16,000 the percentage folded can in principle be as high as chimeric lactamases [17] . Thus, we believe that E is a 75%, and a very high effective level of mutation can useful measure of the likelihood a chimeric protein will be retained (with Ͼ50 mutations on average per folded retain its structure. sequence). We propose that this latter library will contain Taking together the experimental results and disrupmore folded chimeras and be richer in novel functional tion calculations, we have in effect "calibrated" this cytoproteins than libraries made at random. We expect even chrome P450 pair with respect to recombination. For greater benefits of using SCHEMA when recombining example, we can now predict that a large fraction of all more parents or parental sequences with less sequence possible double-crossover chimeras of CYP102A1-h and identity, provided their structures are highly similar CYP102A2-h will fold properly, because most are charoverall. acterized by values of E Ͻ 30-35 (Figure 1) . Once a particular set of crossover positions has been selected, however, only a limited number of chimeric sequences Significance can be made (for two parents, this is 2 3 
ϭ 8 sequences, including the parental ones). In generating large libraries
In nature, cytochromes P450 often protect organisms that incorporate multiple crossovers, reducing disrupfrom toxic compounds [3, 5] or help them adapt to tion becomes an important design criterion. Figure 5 new food sources [4, 5] . Thus, a scaffold that allows shows an in silico analysis of 5000 different libraries in for rapid functional evolution could be beneficial. Such which 10 crossovers were allowed between CYP102A1-h a scaffold is also desirable for protein engineering.
and CYP102A2-h, with the crossover positions chosen
Recent engineering efforts have demonstrated that at random. Each library contains 2 11 ϭ 2048 different P450s can acquire new or improved activities by point chimeric sequences. For each library, we calculated (1) mutation [30, 35, 54]; here we show that recombination the fraction that is predicted to fold (using F 30 ϭ fraction of homologous sequences should be able to generate of sequences with E Յ 30) and (2) the average level of significant functional diversity as well. We propose effective mutation in these folded chimeras (ϽmϾ 30 ). We that SCHEMA can help identify appropriate crossover find that the choice of crossover points can dramatically locations for large, combinatorial libraries [17] , which affect these values and, in all likelihood, the distribution can be generated using targeted recombination meth- second. Two minutes were allowed to pass before a spectrum was and CYP102A2 were aligned using ClustalW [59] , revealing the existaken. Spectra were determined at multiple times to ensure comtence of a 1 amino acid insertion relative to CYP102A1, between plete carbon monoxide binding and maximum absorbance. There Q229 and S230. This insertion was ignored in the calculations.
were no increases beyond 5 min of incubation with carbon monoxide CYP102A1 residues G227 and E228 were also ignored because for any of the chimeras. P450 enzyme concentrations were quantithey are unresolved in the substrate bound structure (1JPZ). For fied for further assays using an extinction coefficient of 91 mol Ϫ1 cm Ϫ1 calculation of E and mutation for all double crossover chimeras, for the absorbance difference between 448 nm and 490 nm. we applied a minimum insert size of 10 residues. The error values reported for E and mutation represent one standard deviation.
The recombination libraries analyzed contained 10 randomly choPeroxygenase Activity sen crossovers, each separated by a minimum of 10 residues. Using First-order rates of p-nitrophenolate accumulation were determined the substrate bound structure of CYP102A1 (1JPZ) [ were removed at time points within the linear region of the time 22 cycles with a final extension at 72ЊC for 10 min. These two prodcourse and mixed with an equal volume of a solution containing ucts were assembled in a two-step PCR reaction: 95ЊC for 1 min 4 M urea and 100 mM NaOH. 15 l per 100 l of 0.6% 4-AAP was followed by 14 cycles of 95ЊC for 1 min, 46ЊC for 1 min, and 72ЊC added, followed by mixing and addition of 15 l per 100 l of 0.6% for 2 min. External primers were added, followed by PCR 95ЊC for potassium persulfate. Color was allowed to develop for 20 min be-1 min, then followed by 14 cycles of 95ЊC for 1 min, 46ЊC for 1 min, fore absorbance was read at 500 nm. The major products were and 72ЊC for 2 min, with a final extension of 72ЊC for 10 min. All determined by GC/MS to be the hemiacetal, which decomposes to PCR products were gel-purified using the Zymoclean-5 column from 
